High levels of genetic diversity in Plasmodium falciparum populations are an obstacle to malaria control. Here, we investigate the relationship between local variation in malaria epidemiology and parasite genetic diversity in Papua New Guinea (PNG). Cross-sectional malaria surveys were performed in 14 villages spanning four distinct malariaendemic areas on the north coast, including one area that was sampled during the dry season. High-resolution msp2 genotyping of 2,147 blood samples identified 761 P. falciparum infections containing a total of 1,392 clones whose genotypes were used to measure genetic diversity. Considerable variability in infection prevalence and mean multiplicity of infection was observed at all of the study sites, with the area sampled during the dry season showing particularly striking local variability. Genetic diversity was strongly associated with multiplicity of infection but not with infection prevalence. In highly endemic areas, differences in infection prevalence may not translate into a decrease in parasite population diversity.
INTRODUCTION
Plasmodium falciparum, the most virulent of the human malaria parasites, is the primary target of malaria control and elimination programs currently being rolled out around the world. There has been an increasing awareness that to sustain any reductions in the burden of malaria there is a need to understand the complex changes in malaria epidemiology that occur as a result of intensifying control efforts, particularly in regions where the disease is endemic. 1 Molecular epidemiology can be used to monitor the impact of interventions by providing a sensitive and specific measure of not only the prevalence of infection, but also the multiplicity of infection (MOI). The MOI is measured by determining the number of genetically distinct parasite clones infecting individuals, and is associated with the level of transmission. 2 Another less well-recognized but nevertheless important molecular parameter to consider is the genetic diversity of a parasite population because it is an indication of evolutionary fitness. 3 On a global scale, the genetic diversity of P. falciparum is strongly associated with distance from Africa where P. falciparum malaria is thought to have originated. 4 It has also been widely reported that diversity is associated with the overall level of transmission in the different continental regions. 2, 5, 6 However, within these regions, fine-scale variations in transmission occur as a result of factors such as altitude, vector availability, urbanization, and malaria control, and these correspond with differences in genetic diversity. [7] [8] [9] [10] [11] Diversity underlies resilience against interventions that directly target the parasite, such as malaria vaccines, which will need to cover all antigenically distinct strains circulating in an endemic area to be effective, 12 and the emergence of resistance to antimalarial drugs. 13 In the context of control programs, a diverse parasite population maintained in the face of falling prevalence would continue to be a significant public health challenge.
Papua New Guinea (PNG) has the highest burden of malaria in the Pacific region and outside Africa, with intense year-round transmission of all four of the major human malaria parasites (P. falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale s.l.) in the low-lying and coastal regions. 14, 15 The P. falciparum population is genetically complex with genotyping of antigens (msp1 and msp2) and putatively neutral microsatellite haplotypes revealing moderate to high levels of genetic diversity. 2,16 -18 We have previously investigated the genetic diversity of 318 monoclonal P. falciparum isolates from 14 villages spread over four distinct catchment areas of the Madang and East Sepik Provinces of PNG, by genotyping 10 microsatellite markers. These surveys revealed high levels of genetic diversity throughout the study area. Diversity was not associated with the P. falciparum infection prevalence, but lower levels of diversity were found in the more isolated inland populations. 18 Since 2003, efforts to control malaria in PNG have been significantly intensified with support from the Global Fund to Combat AIDS, Tuberculosis, and Malaria. The strategies being used have included the extensive distribution of long-lasting insecticide-treated nets (LLINs) and more recently, policy change to ensure better diagnosis of infections and the treatment of clinical cases with artemisinin combination therapy. 14 To further investigate the relationship between parasite genetic diversity and the endemicity of P. falciparum in PNG, we have analyzed the 14 P. falciparum populations by genotyping all P. falciparum infections (N = 761) at the highly polymorphic msp2 locus. Capillary electrophoresis allowed high-resolution detection of infection prevalence and MOI 19, 20 and the genetic diversity of each population. The results highlight the potential challenges of malaria control in highly endemic areas and the importance of molecular monitoring of malaria parasite populations during the implementation of control measures.
MATERIALS AND METHODS
Study area. The study was conducted in the East Sepik and Madang Provinces on the north coast of PNG (Figure 1 22 and multiple clones observed in 40-50% of infections. 2, 23 Although traditionally considered holoendemic, 24, 25 more recently malaria transmission in the Wosera region of the East Sepik Province has dropped, ranging between 0.15 and 0.7 infective bites/person/night [26] [27] [28] with an infection prevalence of 19.5-23.9% 29 and multiple infections are observed in 26% of infections, 29 below that observed in many other parts of Madang and East Sepik Province. 15 The study sites in Madang included 12 villages distributed among three catchment areas-Mugil: comprising Matukar, Bunu, Karkum, and Dimer; Malala: comprising Wakorma, Malala, Suraten, Amiten, and Susure; and Utu: comprising three villages around the region around the village of Utu Sub-Health Center. Although Mugil and Malala are located primarily on the coast, Utu is found inland to the west of Madang in the Transgogol river region ( Figure 1 ). There is a direct road between the catchments of Mugil and Malala, 50 km to the north of Madang town. Road access to Utu is to the west of Madang town along an unsealed road. Because of their close proximity three village pairs were compared as one village, namely Matukar-Bunu, Malala-Suraten, and Amiten-Susure. No specific location information was available for the Utu villages so Utu was analyzed as a catchment and village ( Figure 1 ). Therefore, a total of seven parasite populations were analyzed for Madang Province.
The study sites in the East Sepik region included seven villages located within a 10 km radius in the Wosera-Gawi district,~75 km WSW of the provincial capital Wewak and 15-20 km S of the local administration center in Maprik ( Figure 1 ). The villages included Gwinyingi in the north east, Patigo, Kausaugu, and Nindigo in the south, and Kitikum, Wisogum, and Tatemba in the north east ( Figure 1) .
Study population and samples. Cross-sectional surveys were conducted in Madang Province in the rainy season period of March 2006 and in the East Sepik Province in the relatively dry months of August and September of 2005. These Madang surveys were done before a large-scale distribution of LLIN, whereas the Maprik villages had seen a LLIN mass distribution in the preceding 12 months. 30 Although the incidence of P. falciparum malaria in PNG does show significant seasonal variation, 25, 31 the overall prevalence of P. falciparum is remarkably stable. 29 Finger prick or venous blood samples were collected from asymptomatic individuals of all ages residing in the villages listed previously. The presence of parasites was diagnosed by LM and by polymerase chain reaction (PCR, see below). Genomic DNA was extracted from whole blood samples using the 96-well QiaQuick DNA extraction kit (Qiagen, Valencia, CA). Ethical approval to conduct the study was PCR and genotyping. To identify and genotype P. falciparum positive samples, high-resolution msp2 genotyping was performed as previously described 19 ; this method is specific to P. falciparum therefore only DNA samples positive for P. falciparum yield PCR products. Briefly, a nested multiplex PCR approach was used to amplify 3D7 and/or FC27 family alleles of the gene encoding the highly polymorphic antigen, msp2, using family-specific primers labeled with a fluorescent dye. The PCR products were analyzed by 1.5% agarose gel electrophoresis with PCR-positive samples being selected for further analysis. The allele family and fragment size were then determined by capillary electrophoresis using an ABI 3730 + 1 DNA Analyzer platform with the internal size standard GSLIZ500.
Analysis. The number, family, and size of msp2 alleles were determined using Peak Scanner version 1.0 (Applied Biosystems, Carlsbad, CA). From these results, the PCR-based infection prevalence and MOI were defined. The P. falciparum parasite rate (PfPR) was measured as the proportion of samples that were infection positive by LM and by msp2 PCR; and the MOI was determined by counting the number of msp2 alleles detected within a sample. Both PCR and LM-based PfPR measures were adjusted for comparison across populations using the method of Smith and others 32 , which calculates values on the basis of PfPR in 2-10-year-old children (PfPR 2-10 ). This is the same method as that used in the Malaria Atlas Project to map malaria endemicity worldwide, however only LM values have been used previously. 33 Population genetic analyses were done using FSTAT software version 2.9.3 34 to define allele frequencies, the number of alleles (A), the allelic richness (Rs), which is a normalized measure of the number of alleles 35 and the expected heterozygosity, calculated as
where p is the frequency of the ith allele and n is the number of alleles in the sample. Statistical analysis was done using nonparametric methods including Mann Whitney U tests to detect a difference in values and Spearman's Rho test to measure associations, unless otherwise stated. Analysis was done using the software package, SPSS v17 (SPSS, Inc., Chicago, IL).
RESULTS
A total of 2,308 volunteers from 14 villages or village pairs and four distinct catchment areas (Mugil, Malala, Utu, and Wosera) were included in the study (Figure 1 Spatially variable prevalence and multiplicity of P. falciparum infections in Papua New Guinea. PCR-based species typing methods have recently shown higher infection prevalence and a later age-peak than that estimated by LM. 15 The msp2 PCR in this new sample set also confirmed a significantly higher prevalence of P. falciparum infection by PCR compared with LM, with a 1.1-to 2.3-fold higher infection prevalence (paired t test: P = 0.0004, Table 1 ) however the results for the two methods were strongly correlated (Spearman's Rho test: ρ = 0.81, P = 0.0004). The East Sepik village of Kausagu was an exception however, with lower infection prevalence by PCR than by LM. This may be explained by the fact that a larger number of samples were screened by LM (N = 75) than by PCR (N = 58), or it may be a result of false positive diagnosis by LM. The catchment of Mugil had the highest infection prevalence and least variability among villages (by both LM and PCR) followed by Utu and Malala (Table 1) . However, Wosera, where more villages were surveyed, had substantial variability in the infection prevalence. The highest (Nindigo = 43.5% by PCR) and lowest (Kausagu = 1.7% by PCR) infection prevalence rates in the entire study area were found in this area, which is surprising because the distance between them is only~2 km (Table 1, Figure 1 ). Overall, the villages in Madang had a higher prevalence of infection than those in the East Sepik as measured by LM (Mann Whitney U test: P = 0.015) but not by PCR (P = 0.14).
The MOI was also variable throughout the study area, with mean MOI ranging from solely single infections in Patigo (Wosera) to a mean of 2.12 P. falciparum clones per sample in Matukar/Bunu (Mugil). The LM and PCR prevalence were not correlated with MOI (ρ = 0.143 and 0.323, respectively, P 0.26) even when the outlier, Kausagu, was removed (ρ = 0.247, 0.487, respectively, P 0.091) ( Table 1) . Overall, there was no significant difference in the multiplicity of infection in the East Sepik and Madang Provinces (Mann Whitney U test: P = 1.0). These data show that the overall P. falciparum endemicity based on PCR-based measures of infection prevalence, and the MOI, are similar between the provinces of Madang and East Sepik, despite the latter province being sampled in the dry season and following a LLIN distribution. When individual catchments and villages were compared, variability was observed both within Madang, with a higher prevalence and MOI observed in the Mugil villages followed by Utu and Malala, and within the Wosera, which had the lowest prevalence overall and considerable variability among the villages. Therefore, prevalence among villages in each of the Madang catchments surveyed during the rainy months and pre-LLIN was relatively uniform; however, in the Wosera catchment surveyed during the drier months and post-LLIN distribution, there were a number of "infection hotspots" interspersed with relatively low transmission villages.
Genetic diversity of P. falciparum in Papua New Guinea. Among the 761 P. falciparum PCR-positive samples that were successfully genotyped, 1,392 distinct parasite clones were identified. Of these, 68% of clones harbored 3D7-type msp2 alleles and 32% had FC27-type msp2 alleles. Among these clones, there were 83 distinct msp2 alleles including 63 3D7type alleles ranging in size 171-485 bp and 20 FC27-type alleles ranging in size 184-512 bp ( Supplemental Table S1 ). This confirms a high degree of sensitivity of the typing method to detect multiple infections in PNG. 36 Similar proportions of 3D7 and FC27-type alleles were present in each population (Supplemental Table S1, Figure 2 ).
In population genetics, large sample sizes are desirable to ensure that the majority of the diversity has been defined.
To determine the optimal sample size for future surveys, we examined the number of alleles as a function of the number of clones sampled. On the basis of this information, we predict that 150 clones (~100 P. falciparum isolates) are required to sample the majority of the msp2 alleles in PNG populations (Supplemental Figure S1 ). The lower prevalence of infection in some Wosera villages (e.g., Patigo, Kausagu) resulted in a smaller sample size than this and therefore the full extent of the diversity in these villages has not been defined. As a result, the number of alleles (A) detected was strongly associated with the number of P. falciparum isolates genotyped ( Table 2 ; ρ = 0.974, P 0.0001). However, the allelic richness (R s ), which is normalized on the basis of the smallest sample size, was also associated with the sample size ( Table 2 ; ρ = 0.720, P = 0.006) suggesting that parasite diversity is associated with the number of infections in a given area. The expected Heterozygosity (H e ), a combined measure of the number of different alleles and their frequencies, was not associated with sample size ( Table 2 ; ρ = −0.138, P = 0.654), 
though there was very little variability among the H e values with all villages showing extremely high values levels of diversity based on this statistic (see below).
The genetic diversity of villages throughout the study area, based on R s and H e , was high and variable as previously shown using microsatellite haplotypes. 18 Utu, the Mugil village of Karkum, and Wosera villages of Gwinyingi and Kitikum had the highest values of R s , and the Wosera village of Patigo the lowest. There was a limited variability of He among the villages, with all showing very high levels of diversity (H e = 0.90-0.96). Patigo had the highest H e , probably as a result of the smaller sample size resulting in an overestimate of diversity ( Table 2) .
The msp2 diversity data were then compared with that previously published for microsatellite haplotypes. 18 Microsatellite haplotype diversity (R s ) was much lower than that for msp2 (Supplemental Figure S2) . In this study a higher resolution marker, such as msp2 was necessary to allow the distinction between clones within samples.
Association between endemicity and genetic diversity. The variability in prevalence and MOI among the villages, especially within the Wosera area provided the opportunity to investigate associations with msp2 diversity, as defined by the unbiased estimates of R s and H e . Neither LM nor PCR-based prevalence measures were associated with R s (ρ = 0.203, 0.448, respectively, P 0.125) or H e (ρ = −0.356, −0.213, P 0.230). As expected, the mean MOI was significantly associated with R s (ρ = 0.797, P = 0.001; Figure 3 ) and remained significant when the outlier Patigo was removed (ρ = 0.741, P = 0.005). However, there was no significant association of MOI with H e values (ρ = 0.152, P = 0.621) most likely because all H e values were so close to the maximum value of 1. A strong association was observed between the allelic richness (R s ) and the number of P. falciparum clones observed in each population (ρ = 0.791, P = 0.001) confirming that populations with the largest numbers of clones are also the most diverse.
DISCUSSION
For the first time in decades real progress is being made in the global control of malaria. Gains are being made in the heartland of high-intensity transmission and a strong malaria elimination agenda is emerging in those areas that have already reduced transmission to low levels. 1 This increasing success has highlighted a number of gaps in our knowledge of the complex and dynamic interplay of endemicity, immunity, and parasite diversity. Fundamental questions about the effect of decreased malaria transmission on the parasite and the host need answering, to use the most effective interventions and to be able to predict the consequences and protect the human population in the face of falling immunity. A very basic question is the impact of endemicity on parasite diversity on a local scale. This study has confirmed and extended previous reports based on LM-based detection of parasites that the endemicity of P. falciparum malaria in PNG is heterogeneous on both a national and local scale. 24, 37 High-resolution genotyping of the highly polymorphic marker, msp2 allowed the measurement of the infection prevalence (PfPR) and the MOI, which were defined for 14 villages spread over four catchments in the provinces of Madang (N = 3 catchments; 7 villages) and East Sepik (N = 1 catchment, 7 villages). As previously shown in PNG, 15, 29 the nested PCR approach was effective at identifying sub-microscopic infections and clones, and provided up to twofold higher sensitivity than LM in diagnosing infection with P. falciparum, though the relative levels of infection prevalence among populations were concordant with those determined by LM. The detection of 83 distinct msp2 alleles throughout the study area confirms high levels of sensitivity of the methodology to detect multiple clones. 36 The molecular data also provided the opportunity to measure the genetic diversity in villages with a wide range of infection prevalences, particularly those within the East Sepik region during the dry season and post-LLIN distribution. The infection prevalence based on molecular approaches to define PfPR 2-10 , and the mean MOI was highest in the catchment of Mugil followed by Utu, and lowest in Wosera and Malala, respectively. In Madang Province, individual villages of Mugil also showed the highest values for these parameters and Malala the lowest. However in the East Sepik, villages within the single catchment of the Wosera were highly variable showing the widest range of PfPR 2-10 and MOI values for the entire study area. The East Sepik Province has experienced a significant reduction in P. falciparum prevalence of 38% in the early 1990s down to 22.3% in 2002. 24, 29 Our data show that P. falciparum prevalence in this region remained relatively stable between August and November of 2002 (19.5%) 29 and the same time period in 2005 (20.1%) when the samples used in the current study were collected. A further significant decline in infection prevalence in the Wosera has been noted in recent years and is thought to be the result of ongoing malaria studies in the region for more than 20 years leading to greater treatment and awareness, and has resulted in almost universal bednet use. Data collected during our surveys shows that bednets were being used by 97.1% of study volunteers in the Wosera and Malala villages, whereas 95% reported bednet use for Utu and 25.7%, 60.1%, and 96.6% for the three Mugil villages (Mueller and others, unpublished data). However, although a distribution of LLINs took place in the Wosera in 2005, most bednets used in the Madang areas were neither impregnated nor long lasting.
The dominance and higher diversity of the msp2 3D7 allele family throughout PNG has important implications for vaccine trials in the region. A subunit vaccine formulated with this msp2 allele that produced cross-reactive responses against other 3D7 alleles would have a greater chance of success than would that containing a FC27 allele. Indeed, one of the most successful vaccine trials to date included a 3D7 allele of msp2 and showed a selective effect against infection with parasites harboring this genotype. 38 Interestingly, previous surveys of msp2 have shown that in 1992 the FC27 allele was at almost equal frequencies with 3D7, 39 whereas more recent surveys in the Wosera region have confirmed the contemporary dominance of 3D7 in PNG. 20 Nevertheless, a successful msp2-based malaria vaccine would likely need to contain both 3D7 and FC27 alleles.
In the PNG populations surveyed, the genetic diversity was less variable than the prevalence and the MOI. A narrow range for both diversity statistics (H e and R s ) suggests that diversity is maintained at high levels despite the different levels of malaria endemicity in the catchments. High diversity is also found during the drier months in the Wosera. This is consistent with the lack of seasonality in the MOI of P. falciparum infections in a cohort of young children in a neighboring population (Mueller and others, unpublished data). The genetic diversity of a parasite population is shaped by various influences, including genetic drift, mutation, natural selection, and gene flow. 40 MSP2 is the second most abundant protein on the surface of the merozoite 41 and a target of naturally acquired antibodies, 42, 43 and therefore diversity is influenced by immune (balancing) selection. A comparison of msp2 diversity between Tanzania and PNG showed many more alleles (A = 76 and 35, respectively), however only slightly higher expected heterozygosity (H e = 0.933 and 0.965, respectively) in the African population where transmission is approximately ten times that of PNG. 20 There-fore, it is important to consider that the diversity seen in msp2 reflects both immune selection and the intensity of transmission. The lack of correlation between diversity and infection prevalence suggests that in the PNG populations, diversity may have reached a maximal level and it will only be through substantial and sustained reductions in transmission that a decrease in diversity will be possible.
One explanation for the high levels of diversity in all populations of the Wosera is that parasite populations in the region are panmictic. However, surveys of the same populations using a panel of 10 microsatellite markers have demonstrated that the catchments and even some villages within the same catchment are genetically isolated from each other, suggesting that there is a limit to the influx of alleles from distant and even nearby populations. 18 Diversity as measured by these putatively neutral markers was also high and there was no correlation with the infection prevalence. 18 It may be that the reduction of transmission in the dry season and by the recent distribution of LLINs in the Wosera has created a situation in which diverse populations have become isolated. To confirm this, it will be important to later compare the data to that for the rainy season and pre-LLIN distributions.
Though the diversity of msp2 was not influenced by the lower prevalence, the allelic richness was strongly correlated with the MOI, consistent with the requirement for transmission of multiple clones to create new genotypes within the mosquito midgut. 23, 44 Studies in western Kenya, before and 5 years after insecticide-treated nets were introduced have shown that despite drastically decreased prevalence, the proportion of multiple infections did not change. 45 The Kenyan study also demonstrated using eight microsatellite markers, that diversity (as measured by the expected heterozygosity) remained high overall and for the majority of markers. 45 Studies in the Peruvian Amazon have shown that the MOI actually increases with decreasing prevalence, which will ultimately maintain population complexity. 46 Together with the findings reported here, this suggests that the diversity of parasite populations and therefore the resilience to antimalarial interventions will remain high unless the MOI can be significantly reduced. A better understanding of the relationship between parasite prevalence, multiplicity of infection, and genetic diversity is needed in the context of intensifying malaria control.
This study presents the molecular epidemiology of P. falciparum in the early stages of the intensification of malaria control in PNG. We have demonstrated by high-resolution genotyping of P. falciparum isolates from 14 villages spread across four distinct catchment areas of PNG, that the prevalence of P. falciparum malaria is highly variable among villages, and most notably so in the Wosera region of the East Sepik Province after a recent LLIN distribution. Despite this variability, the genetic diversity in all populations was at similarly high levels throughout the study area. Furthermore, although the variable prevalence in the East Sepik Province (Wosera catchment) indicates a recent decline in transmission intensity in some villages (caused by seasonal fluctuations, better access to efficient antimalarial treatment, and recent near-universal bednet use), parasite genetic diversity was similar to that in three catchments of Madang Province. High levels of diversity indicate a malaria population with a greater capacity to evade interventions and thus more difficult to control. Molecular typing may therefore provide deeper insight into the longer-term impact of interventions, in addition to the infection prevalence, which has traditionally been monitored by LM. This study highlights the use of molecular epidemiology to monitor changes in the structure of parasite populations and warrants continued investigations in the context of intensifying malaria control efforts in PNG.
